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OVERVIEW OF BATTERY USAGE I N  NASA/GSFC LEO 81 GEO MISSIONS dd o//s - 
Thomas Y i  
NASA Goddard Space F l i g h t  Center  
Greenbe l t ,  Mary land 
An overv iew o f  t h e  b a t t e r i e s  used i n  t h e  LEO and GEO m iss ions  a t  Goddard Space 
F l i g h t  Center  i s  descr ibed.  
I n  J u l y ,  1989, Cosmic Background Exp lo re r  (COBE) w i l l  be launched from a D e l t a  
r o c k e t  t o  s t u d y  t h e  b i g  bang theo ry .  COBE, which i s  i n  a LEO/Polar o r b i t ,  
w i l l  have two 20 Ah NiCd b a t t e r i e s ,  18 c e l l s  pe r  b a t t e r y ,  made by McDonnell 
Douglas Company. 
season, t h e  p r e d i c t e d  m i s s i o n  temperature,  16O to  22OC, and t h e  s p e c i f i c a t i o n  
m i s s i o n  d u r a t i o n ,  1 y e a r .  
The p r e d i c t e d  m i s s i o n  DOD i s  0 t o  24% over  one 63-day e c l i p s e  
I n  December, 1989, N a t i o n a l  Oceanic and Atmospheric A d m i n i s t r a t i o n  (NOAA-D) 
w i l l  be launched from an A t l a s  r o c k e t  f o r  weather o b s e r v a t i o n  purposes. 
NOAA-D, which i s  i n  a LEO/Polar morn ing o r b i t ,  w i l l  have two 26.5 Ah NiCd 
b a t t e r i e s ,  17 c e l l s  pe r  b a t t e r y ,  made by GE-Astro East  Windor. The p r e d i c t e d  
m i s s i o n  DOD i s  0 t o  16%, t h e  p r e d i c t e d  m i s s i o n  temperature,  5OC, and t h e  
s p e c i f i c a t i o n  m i s s i o n  d u r a t i o n ,  2 years .  NOAA- I ,  which i s  scheduled for May, 
1991 launch i n  a LEO/Polar a f t e r n o o n  o r b i t ,  w i l l  have t h r e e  26.5 Ah NiCd 
b a t t e r i e s ,  17 c e l l s  p e r  b a t t e r y ,  made by GE-Astro East  Windor. The p r e d i c t e d  
m i s s i o n  DOD i s  18%, t h e  p r e d i c t e d  m i s s i o n  temperature,  5OC, and t h e  
s p e c i f i c a t i o n  m i s s i o n  d u r a t i o n ,  2 years .  NOAA-J i s  scheduled f o r  J u l y ,  1992 
launch,  and NOAA-K, November, 1993. 
I n  A p r i l ,  1990, Gamma Ray Observa tory  (GRO) w i l l  be launched from STS37 t o  
s tudy  the  gamma r a y  r a d i a t i o n  phenomenon. 
have two modular power systems (MPS) made by McDonnell Douglas,  each MPS 
c o n s i s t i n g  o f  t h r e e  50 Ah NiCd b a t t e r i e s ,  22 c e l l s  p e r  b a t t e r y .  
m i s s i o n  DOD i s  15%, t h e  p r e d i c t e d  m i s s i o n  tempera ture ,  1SoC, and the  
s p e c i f i c a t i o n  m i s s i o n  d u r a t i o n ,  2 years .  
I n  J u l y ,  1990, Geos ta t i ona ry  Opera t i ona l  Envi ronmenta l  S a t e l l i t e  (GOES-I> w i l l  
be launched from an A t l a s  I r o c k e t  for weather o b s e r v a t i o n  purposes.  GOES-I, 
which i s  i n  a GEO o r b i t ,  w i l l  have two 12  Ah NiCd b a t t e r i e s ,  28 c e l l s  p e r  
b a t t e r y ,  made by  Ford Aerospace and Communications Company. 
m i s s i o n  DOD i s  60%, t h e  p r e d i c t e d  m i s s i o n  temperature,  7OC, and t h e  
s p e c i f i c a t i o n  m i s s i o n  d u r a t i o n ,  5 yea rs .  GOES-J i s  scheduled for November, 
1991 launch,  and GOES-K, for May, 1992 launch.  
I n  December, 1990, T r a c k i n g  and Data Relay S a t e l l i t e  (TDRS-E) w i l l  be launched 
from STS43 for  communication purposes.  TDRS-E, which i s  i n  a GEO o r b i t ,  w i l l  
have t h r e e  40 Ah NiCd b a t t e r i e s ,  24 c e l l s  p e r  b a t t e r y ,  made by TRW. The 
p r e d i c t e d  m i s s i o n  DOD i s  SO%, t h e  p r e d i c t e d  m i s s i o n  tempera ture ,  S0C, and t h e  
s p e c i f i c a t i o n  m i s s i o n  d u r a t i o n ,  10 years .  TDRS-F i s  scheduled f o r  December, 
1992 launch,  and TDRS-G f o r  May, 1994 launch.  
GRO, which i s  i n  a LEO o r b i t ,  w i l l  
The p r e d i c t e d  
The p r e d i c t e d  
I n  August,  1991, Extreme U l t r a v i o l e t  E x p l o r e r  (EUVE) w i l l  be launched from a 
D e l t a  r o c k e t .  EUVE, which i s  i n  a LEO o r b i t ,  w i l l  have one modular power 
system (MPS) made by McDonnell Douglas.  The p r e d i c t e d  m i s s i o n  DOD i s  15%, t h e  
1 
predicted mission temperature, 15OC, and the specification mission duration, 
3 years. 
In December, 1991 , Upper Atmosphere Research Sate1 1 i te (UARS) wi 1 1  be 1 aunched 
from STSSO t o  study the Earth's ozone layer and other environmental concerns. 
UARS, which is in a 5 6 O  inclination LEO orbit, will have one modular power 
systems (MPS) made by McDonnell Douglas. The predicted mission DOD is 0 t o  
24% , 
the predicted mission temperature, loo t o  1 6 O C ,  and the spec 
duration, 3 years. 
In addition t o  these missions, the GSFC has a number of Smal 
missions t o  be launched from the Scout rockets. The battery 
these spacecrafts have not yet been determined. 
2 
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J oo//& THE IMPORTANCE OF BATTERIES I N  UNMANNED MISSIONS 
John W .  K l e i n  
J e t  P r o p u l s i o n  Labora to ry  
C a l i f o r n i a  I n s t i t u t e  o f  Technology 
Pasadena, C a l i f o r n i a  
The au tho r  w i l l  p r e s e n t  a b r i e f  ove rv iew  o f  t h e  c u r r e n t  s e t  of  unmanned 
m iss ions  t h a t  a r e  c u r r e n t l y  i n  o p e r a t i o n  and those p lanned f o r  t h e  nex 
10 yea rs .  I n  t h i s  d i s c u s s i o n ,  t h e  au tho r  w i l l  d e t a i l  t h e  i m p o r t a n t  ro  
b a t t e r i e s  have come t o  p l a y  i n  t h e  development o f  success fu l  m iss ions .  
The au tho r  w i l l  d i scuss  t h e  workhorse b a t t e r y ,  t h e  NiCd, and i t s  use 
th roughout  h i s t o r i c a l  m iss ions .  I t s  r o l e  on Observers and Landers w i l  
d iscussed and t h e  success those b a t t e r i e s  had. 
5 to  
e t h a t  
be 
The au tho r  w i l l  a l s o  spend t ime  d i s c u s s i n g  t h e  r e c e n t  events  i n  t h e  issues  of 
and l i f e  f o r  NiCd b a t t e r i e s .  These d i s c u s s i o n s  w i l l  f ocus  on t h e  qua l  i t y  
c u r r e n t  
p a r t i c u  
un i form 
per fo rm 
f a i  l u r e  
program 
mater  i a 
des ign  a c t i v i t i e s  for Mars Observer,  TOPEX, and Mar ine r  Mark 11. Of 
a r  n o t e  w i l l  be t h e  d i s c u s s i o n  on separa to r  s e l e c t i o n  and t h e  need for 
t e s t i n g  procedures t o  develop a q u a l i t y  b a t t e r y  p roduc t  t h a t  can 
t o  m i s s i o n  requ i rements .  The r e c e n t  exper iences  w i t h  t h e  GRO b a t t e r y  
and t h e  o t h e r  events  have l e d  JPL t o  t h e  d e c i s i o n  t o  deve lop  a t e s t i n g  
i n  c o n j u n c t i o n  w i t h  o t h e r  NASA c e n t e r s  t o  de termine t h e  b e s t  separa to r  
f o r  these two miss ions .  Timing, however, i s  c r i t i c a l .  The d e c i s i o n  
Thus f o r  separa to r  m a t e r i a l  and b a t t e r y  des ign  must be made a yea r  from now. 
t h e r e  w i l l  n o t  be t ime  t o  pe r fo rm a t o t a l  2-year a c c e l e r a t e d  t e s t .  So as i n  
a l l  cases, compromises w i l l  be made. The au tho r  w i l l  d i scuss  J P L ' s  p l a n  for 
cop ing  w i t h  t h i s  compromise. 
The au tho r  w i l l  c l o s e  w i t h  a d i s c u s s i o n  o f  where NiH2 b a t t e r i e s  a r e  beg inn ing  
t o  have an impact  and t h e  d i f f i c u l t i e s  from a system p o i n t  o f  v iew w i t h  t h e i r  
imp lementa t ion .  Such m iss ions  a t  EOS and t h e  NOAA s e r i e s  o f  s a t e l l i t e s  r e l y  
upon NiH2 for  success b u t  were n o t  chosen f o r  TOPEX or MO due t o  t h e i r  l a r g e  
volume requ i remen ts .  
e 
3 
HUMAN EXPLORATION MISSION STUDIES 
Rober t  L. Ca ta ldo  
NASA Lewis Research Center  
C leve land,  Oh io  
The n a t i o n ' s  e f f o r t s  " t o  expand human presence and a c t i v i t y  beyond E a r t h  o r b i t  
i n t o  t h e  s o l a r  system" was g i v e n  renewed emphasis i n  January o f  1988 when t h e  
P r e s i d e n t i a l  D i r e c t i v e  on N a t i o n a l  Space P o l i c y  was s igned i n t o  e f f e c t .  The 
expansion o f  human presence i n t o  t h e  s o l a r  s y s t e m  has p a r t i c u l a r  s i g n i f i c a n c e ,  
i n  t h a t  i t  d e f i n e s  long-range goa ls  f o r  N A S A ' s  f u t u r e  m iss ions .  To embark and 
achieve such amb i t i ous  ven tu res  i s  a s i g n i f i c a n t  under tak ing ,  p a r t i c u l a r l y  
compared t o  p a s t  space a c t i v i t i e s .  
Two major  e f f o r t s  r e c e n t l y  re leased ,  t h e  N a t i o n a l  Commission on Space r e p o r t ,  
"P ioneer ing  t h e  Space F r o n t i e r , "  1986, and a s t r o n a u t  D r .  S a l l y  R i d e ' s  t a s k  
f o r c e  r e p o r t ,  "Leadersh ip  and Amer ica 's  Fu tu re  i n  Space," 1987, have he lped 
s e t  goa ls  and g i v e  focus  t o  N A S A ' s  f u t u r e  d i r e c t i o n .  O r .  R i d e ' s  t a s k  f o r c e  
fo rmu la ted  a p l a n  t o  ach ieve  t h e  Commission's proposed agenda fo r  t h e  c i v i l i a n  
space program. The t a s k  f o r c e  recommended f o u r  i n i t i a t i v e s :  ( 1 )  M i s s i o n  t o  
P lane t  Ea r th ,  ( 2 )  E x p l o r a t i o n  o f  the  So la r  System, ( 3 )  Outpos t  on t h e  Moon, 
and ( 4 )  Humans t o  Mars. The f i r s t  two i n i t i a t i v e s ,  t o  a g r e a t  degree,  a re  
be ing  pursued by NASA's O f f i c e  o f  Space Science and A p p l i c a t i o n s .  However, 
t he  l a s t  two i n i t i a t i v e s  prompted t h e  t a s k  f o r c e  t o  recommend t h a t  a s p e c i a l  
NASA o f f i c e  be e s t a b l i s h e d  t o  c o o r d i n a t e  and l e a d  human e x p l o r a t i o n  s t u d i e s .  
There fore ,  t he  O f f i c e  o f  E x p l o r a t i o n  was e s t a b l i s h e d  t o  p r o v i d e  a f o c a l  p o i n t  
fo r  these a c t i v i t i e s .  These i n c l u d e  e s t a b l i s h i n g  a mature unders tand ing  o f  
m iss ion  o p t i o n s  and o p p o r t u n i t i e s  and d e f i n i n g  those near - te rm a c t i v i t i e s  t h a t  
can p r o v i d e  t h e  g r e a t e s t  impact  on f u t u r e  m iss ions .  
The O f f i c e  o f  E x p l o r a t i o n  has e s t a b l i s h e d  a process whereby a l l  NASA f i e l d  
cen te rs  and o t h e r  NASA Headquar ters  o f f i c e s  p a r t i c i p a t e  i n  t h e  f o r m u l a t i o n  and 
a n a l y s i s  o f  a wide range o f  m i s s i o n  s t r a t e g i e s .  These s t r a t e g i e s  w e r e  
man i fes ted  i n t o  s p e c i f i c  scenar ios  or cand ida te  case s t u d i e s .  The case 
s t u d i e s  p rov ided  a sys temat i c  approach i n t o  a n a l y z i n g  each m i s s i o n  e lement .  
F i r s t ,  each case s tudy  must address seve ra l  major  themes and r a t i o n a l e  
i n c l u d i n g :  n a t i o n a l  p r i d e  and i n t e r n a t i o n a l  p r e s t i g e ,  advancement o f  
s c i e n t i f i c  knowledge, a c a t a l y s t  f o r  techno logy ,  economic b e n e f i t s ,  space 
e n t e r p r i s e ,  i n t e r n a t i o n a l  coopera t i on ,  and educa t ion  and e x c e l l e n c e .  Second, 
t h e  s e t  o f  cand ida te  case s t u d i e s  a re  f o r m u l a t e d  t o  encompass t h e  techno logy  
requ i rement  l i m i t s  i n  t h e  l i f e  sc iences ,  launch c a p a b i l i t i e s ,  space t r a n s f e r ,  
automat ion and r o b o t i c s  i n  space o p e r a t i o n s ,  power, and p r o p u l s i o n .  
The first s e t  o f  r e f e r e n c e  case s t u d i e s  i d e n t i f y  t h r e e  major  s t r a t e g i e s :  
( 1 )  human e x p e d i t i o n s ,  ( 2 )  sc ience o u t p o s t s ,  and (3) e v o l u t i o n a r y  expansion.  
Dur ing  t h e  p a s t  y e a r ,  f o u r  case s t u d i e s  were examined t o  e x p l o r e  these 
s t r a t e g i e s .  The e x p e d i t i o n a r y  m iss ions  i n c l u d e  t h e  Human E x p e d i t i o n  t o  Phobos 
and Human E x p e d i t i o n  t o  Mars case s t u d i e s .  The Lunar Observa tory  and Lunar 
Outpost  t o  E a r l y  Mars E v o l u t i o n  case s t u d i e s  examined t h e  l a t e r  two s t r a t e g i e s .  
Th is  s e t  o f  case s t u d i e s  e s t a b l i s h e d  t h e  framework t o  p e r f o r m  d e t a i l e d  m i s s i o n  
a n a l y s i s  and system e n g i n e e r i n g  t o  d e f i n e  a h o s t  of concepts and requ i rements  
for v a r i o u s  space systems and advanced t e c h n o l o g i e s .  Th is  paper desc r ibes  the  
d e t a i l s  o f  each m i s s i o n  and, s p e c i f i c a l l y ,  t h e  r e s u l t s  a f f e c t i n g  t h e  advanced 
techno log ies  r e q u i r e d  t o  accompl ish  each m i s s i o n  scenar io .  
I 
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AIR FORCE SPACE BATTERY/FUEL CELL PROGRAM 
R .  A .  Marsh 
Wr igh t  Research & Development Center  
Wr igh t -Pat te rson A i r  Force Base, Oh io  
( A b s t r a c t  was n o t  a v a i l a b l e  a t  t i m e  o f  p r i n t i n g . )  
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A SURVEY OF ADVANCED BATTERY SYSTEMS FOR SPACE APPLICATIONS 
Alan I. Attia 
Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 
J O G  // 8 
The results of a survey on advanced secondary battery systems for space 
applications are presented. The objectives were: (1) to identify advanced 
battery systems capable of meeting the requirements o f  various types of space 
missions, with significant advantages over currently available batteries, 
( 2 )  to obtain an accurate estimate of the anticipated improvements of these 
advanced systems, and (3) to obtain a consensus for the selection of systems 
most likely to yield the desired improvements. 205 battery experts from 
government, industry and universities were invited to respond to a 
questionnaire on advanced batteries and their potential applications in space: 
55 responded. 
In the opinion of the respondents, few advanced systems are likely to exceed a 
specific energy of 150 Wh/kg and meet the additional requirements of safety 
and reliability within the next 15 years. The few that have this potential 
are: 
1) Regenerative fuel cells, both alkaline and solid polymer electrolyte 
(SPE) types for large power systems. 
2) Lithium-intercalatable cathodes, particularly the metal oxides 
intercalatable cathodes (Mn02 or  COO^), with appl ications 1 imi ted to 
small spacecrafts requiring limited cycle life and low power levels. 
3) Lithium mol ten salt systems (e.g., LiAl-FeS2) 
4 )  Na/Beta" Alumina/Sulfur or metal chlorides cells. 
Likely technological advances that would enhance the performance of all the 
above systems are also identified, in particular: 
1) Improved bifunctional oxygen electrodes. 
2) Improved manufacturing technology for thin film lithium electrodes in 
combination with polymeric electrolytes. 
3) Improved seals for the lithium molten salt cells. 
I 
I 
4 )  Improved ceramics for sodium/solid electmlyte cells. 
6 
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NOVEL NITROGEN-BASED ORGANOSULFUR ELECTRODES FOR 
ADVANCED INTERMEDIATE TEMPERATURE BATTERIES 
S. J .  Visco and L. C. De Jonghe 
Lawrence Berkeley Laboratory 
Berkeley, California 
Advanced secondary batteries operating at intermediate temperatures (100 to 
2OOOC) have attracted considerable interest due to their inherent advantages 
(reduced corrosion and safety risks) over higher temperature systems. Current 
work in this laboratory has involved research on a novel class of intermediate 
temperature Na/beta"-a1 uminaIRSSR batteries conceptually simi lar t o  Na/S 
cells, but operating within a temperature range of 100 to 15OoC, and having an 
organosulfur rather than inorganic sulfur positive electrode. The 
organosulfur electrodes are based on the reversible, two electron reduction of 
organodisulfides to the corresponding thiolate anions, RSSR + 2e- 2RS-, 
where R is an organic moiety. 
couple for battery research is the abi 1 i ty to tailor the physical, chemical, 
and electrochemical properties of the RSSR molecule through choice of the 
organic moiety. The viscosity, liquidus range, dielectric constant, 
equivalent weight, and redox potential can in fact be verified in a largely 
predictable manner. The current work concerns the use of multiple nitrogen 
organosulfur molecules, chosen for application in Na/RSSR cells for their 
expected oxidizing character. I n  fact, a Na/RSSR cell containing one of these 
materials, the sodium salt o f  5-mercapto-1-methyltetrazole, yielded the 
highest open circuit voltage obtained yet in our laboratory; 3.0 volts in the 
charged state and 2 .6  volts at 100% discharge. 
behavior of a series of multiple nitrogen organodisulfides as well as 
polymeric organodisulfides are presented in this manuscript. 
e 
Among the advantages of such a generic redox 
Accordingly, the cycling 
e 
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ADVANCED RECHARGEABLE SODIUM BATTERIES WITH NOVEL CATHODES ;60/?0 
I 
S .  D i  S te fano,  B. V .  Ratnakumar, and C.  P.  Bankston 
J e t  P r o p u l s i o n  Labora to ry  
C a l i f o r n i a  I n s t i t u t e  o f  Technology 
Pasadena, C a l i f o r n i a  
I Var ious  h i g h  energy d e n s i t y  rechargeab le  b a t t e r i e s  a r e  be ing  cons idered for 
f u t u r e  space a p p l i c a t i o n s .  O f  these,  t h e  sod ium-su l fu r  b a t t e r y  i s  one o f  t h e  
l e a d i n g  cand ida tes .  The p r i m a r y  advantage i s  t h e  h i g h  energy d e n s i t y  
(760 Wh/kg t h e o r e t i c a l ] .  Energy d e n s i t i e s  i n  excess o f  180 Wh/kg were 
r e a l i z e d  i n  p r a c t i c a l  b a t t e r i e s .  Other  t e c h n o l o g i c a l  advantages i n c l u d e  i t s  
chemical  s i m p l i c i t y ,  absence o f  se l f -d i scha rge ,  and l o n g  c y c l e  l i f e  
p o s s i b i l i t y .  
~ 
More r e c e n t l y ,  o t h e r  h i g h  tempera ture  sodium b a t t e r i e s  have come i n t o  t h e  
s p o t l i g h t .  These systems can be desc r ibed  as fo l lows: 
Na/P"-A1203/NaAlC14/Meta l  D i c h l o r i d e  
Sodium/metal d i c h l o r i d e  systems a r e  c o l l o q u i a l l y  known as the  zebra  system and 
a r e  c u r r e n t l y  be ing  developed fo r  t r a c t i o n  and l o a d  l e v e l i n g  a p p l i c a t i o n s .  
The sodium-metal d i c h l o r i d e  systems appear t o  o f f e r  many o f  the  same 
advantages o f  the  Na/S system, e s p e c i a l l y  i n  terms o f  energy d e n s i t y  and 
chemical  s i m p l i c i t y ,  e .g . ,  
2 Na + FeC12 - >  2 NaCl + Fe, -730 Wh/kg ( t h e o r e t i c a l )  
2 Na + NiC12 - >  2 NaCl + N i ,  -790 Wh/kg ( t h e o r e t i c a l )  
2 Na + CuC12 - >  2 NaCl + Cu, -800 Wh/kg ( t h e o r e t i c a l )  
These meta l  d i c h l o r i d e  systems o f f e r  i nc reased  s a f e t y  and good r e s i s t a n c e  t o  
overcharge and opera te  ove r  a wide range o f  temperatures from 150-400°C w i t h  
l e s s  c o r r o s i o n  problems.  
We a t  JPL a r e  e v a l u a t i n g  v a r i o u s  new cathode m a t e r i a l s  f o r  use i n  h i g h  energy 
d e n s i t y  sodium b a t t e r i e s  f o r  advanced space a p p l i c a t i o n s .  Our approach i s  t o  
c a r r y  o u t  b a s i c  e l e c t r o c h e m i c a l  s t u d i e s  o f  these m a t e r i a l s  i n  a sodium c e l l  
c o n f i g u r a t i o n  i n  o r d e r  t o  unders tand t h e i r  fundamental  behav io rs .  Thus f a r ,  
o u r  s t u d i e s  have focused on a l t e r n a t e  meta l  c h l o r i d e s  such as CuC12 and 
o r g a n i c  cathode m a t e r i a l s  such as TCNE. 
s t u d i e s  w i l l  be p resented .  
The p r e l i m i n a r y  f i n d i n g s  o f  o u r  
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MONOLITHIC SOLID OXIDE FUEL CELL DEVELOPMENT 
I 
I. K.  M. Myles and C.  C.  McPheeters Argonne N a t i o n a l  Labora to ry  
Argonne, I l l i n o i s  
The M o n o l i t h i c  S o l i d  Oxide Fuel C e l l  (MSOFC) i s  be ing  developed by a r e c e n t l y  
formed team compri sed o f  Argonne N a t i o n a l  Labora to ry ,  A1 1 i ed-Si gnal  
a Aerospace/AiResearch, and Combustion Eng ineer ing .  The MSOFC i s  an 
ox ide-ceramic s t r u c t u r e  i n  which a p p r o p r i a t e  e l e c t r o n i c  and i o n i c  conductors  
a r e  f a b r i c a t e d  i n  a "honeycomb" shape s i m i l a r  t o  a b l o c k  o f  co r ruga ted  
paperboard.  The e l e c t r o l y t e  t h a t  conducts oxygen i o n s  from t h e  a i r  s i d e  t o  
t h e  f u e l  s i d e  i s  y t t r i a - s t a b i l i z e d  z i r c o n i a  ( Y S Z ) .  A l l  t h e  o t h e r  m a t e r i a l s  
a re  e l e c t r o n i c  conductors  i n c l u d i n g  t h e  nickel-YSZ anode, t h e  s t ront ium-doped 
lanthanum manganite cathode,  and t h e  doped lanthanum ch romi te  i n t e r c o n n e c t  
( b i p o l a r  p l a t e ) .  These e l e c t r o n i c  and i o n i c  conductors  a re  a r ranged to  
p r o v i d e  s h o r t  conduct ion  pa ths  t o  m in im ize  r e s i s t i v e  l osses .  The power 
d e n s i t y  ach ievab le  w i t h  the  MSOFC i s  expected t o  be about  8 kW/kg o r  4 kW/L, 
a t  f u e l  e f f i c i e n c i e s  over  SO%, because o f  smal l  c e l l  s i z e  and low r e s i s t i v e  
l o s s e s  i n  the  m a t e r i a l s .  The MSOFC opera tes  i n  t h e  range o f  700 t o  1000°C, a t  
which temperatures r a p i d  reform o f  hydrocarbon f u e l s  i s  expected w i t h i n  t h e  
nickel-YSZ f u e l  channels .  
1. 
Tape c a s t i n g  and hot r o l l  c a l e n d e r i n g  a r e  used t o  f a b r i c a t e  t h e  MSOFC 
s t r u c t u r e .  The tape c a s t i n g  process c o n s i s t s  o f  spread ing  a ceramic s l u r r y  
( s l i p )  u n i f o r m l y  on a s u b s t r a t e ,  such as g l a s s  or polymer f i l m ,  u s i n g  a d o c t o r  
b lade .  A f t e r  t he  s l i p  i s  d r y ,  t h e  ceramic l a y e r  i s  s t r i p p e d  o f f  t h e  s u b s t r a t e  
i n  t h e  form o f  a f l e x i b l e  " tape . "  The h o t  r o l l  c a l e n d e r i n g  process c o n s i s t s  
o f  m i x i n g  ceramic powder w i t h  o r g a n i c  b i n d e r  and p l a s t i c i z e r  and r o l l i n g  t h e  
warm m i x t u r e  i n t o  a t h i n  tape.  The green tapes a re  c u t  t o  t h e  d e s i r e d  
d imensions,  and t h e  e l e c t r o d e  tapes a re  co r ruga ted  t o  form t h e  gas flow 
channels .  The c o r r u g a t i o n s  a re  formed by f o l d i n g  t h e  tape o n t o  a warm mold. 
A f t e r  c o o l i n g ,  t h e  tape r e t a i n s  t h e  co r ruga ted  shape. Cor rugated  e l e c t r o d e  
tapes and f l a t  e l e c t r o l y t e  and i n t e r c o n n e c t  composi te  tapes a r e  s tacked up t o  
form the  MSOFC s t r u c t u r e .  The l a y e r s  a r e  bonded t o g e t h e r  i n  t h e  green s t a t e  
by h e a t i n g  t h e  polymer b i n d e r  s l i g h t l y  above i t s  g l a s s  t r a n s i t i o n  t e m p e r a t u r e  
under a smal l  we igh t .  The bonded green s t r u c t u r e  i s  t hen  heated acco rd ing  t o  
a p r e c i s e  f i r i n g  schedule t o  t h e  s i n t e r i n g  temperature t o  form t h e  m o n o l i t h i c  
ceramic s t r u c t u r e .  
The performance o f  t he  MSOFC has improved s i g n i f i c a n t l y  d u r i n g  t h e  course of 
development. The l i m i t a t i o n  o f  t h i s  system, based on m a t e r i a l s  r e s i s t a n c e  
a lone  w i t h o u t  i n t e r f a c i a l  r e s i s t a n c e s ,  i s  0.093 ohm-cm2 a r e a - s p e c i f i c  
r e s i s t a n c e  ( A S R ) .  The c u r r e n t  t y p i c a l  performance o f  MSOFC s i n g l e  c e l l s  i s  
c h a r a c t e r i z e d  by ASRs o f  about  0.4 t o  0.5 ohm-cm2. 
the  ASR i s  expected t o  be reduced below 0.2 ohm-cm2, which w i l l  r e s u l t  i n  
power l e v e l s  g r e a t e r  than 1.4 W/cm2. 
Wi th  f u r t h e r  development 
The f e a s i b i l i t y  o f  the  MSOFC concept  has been proven,  and t h e  per formance has 
been d r a m a t i c a l l y  improved. The d i f f e r e n c e s  i n  thermal  expansion c o e f f i c i e n t s  
and f i r i n g  shr inkages among t h e  f u e l  c e l l  m a t e r i a l s  have been min imized.  As a 
r e s u l t  of good matching o f  these p r o p e r t i e s ,  t h e  MSOFC s t r u c t u r e  has been 
s u c c e s s f u l l y  f a b r i c a t e d  w i t h  few d e f e c t s ,  and t h e  system shows e x c e l l e n t  
promise for development i n t o  a p r a c t i c a l  power source.  
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FeSiZLilo LizO(20 m/o)LiCl,LiF 
THE ELECTROCHEMICAL GENERATION OF USEFUL CHEMICAL 
SPECIES FROM LUNAR MATERIALS 
yttria-stabilized La0.8gSro.llMnO3 
zi rcon i a 
Kan J. Tsai, Daniel J. Kuchynka, and Anthony F. Sammells 
Eltron Research, Inc. 
Aurora, Illinois 
To be discussed here will be the current status of work in our laboratory on 
an electrochemical technology for the simultaneous generation of oxygen and 
lithium from a Liz0 containing molten salt (Li20-LiC1-LiF). 
electrochemical cell uti 1 izes an oxygen vacancy conducting sol id electrolyte, 
yttria-stabilized zirconia, to effect separation between the oxygen evolving 
and lithium reduction half-cell reactions. The cell being studied possesses 
the general configuration: 
The 
The cell, which operates at 700-800°C, possesses rapid electrode kinetics at 
the lithium-alloy electrode with exchange current density (io) values being 
>60 mA/crn*, showing high reversibility for this reaction. When used in the 
electrolytic mode, lithium produced at the negative electrode would be 
continuously removed from the cell for later use (under lunar conditions) as 
an easily storable reducing agent (compared t o  H2) for the chemical refining 
of lunar ores via the general reaction: 
1 
I 
4 
2Li + MO + Liz0 + M 
where MO represents a lunar ore. Emphasis to this time has been on the 
simulated lunar ore ilmenite (FeTi031, which we have found becomes chemically 
reduced by Li at 432OC. Furthermore, both Fez03 and Ti02 have been reduced by 
Li to give the corresponding metal. The resulting Liz0 reaction product could 
then be removed from the sol id-state reaction mixture by sub1 imation and 
reintroduced into the negative electrode compartment of the electrolytic 
cell. Hence, this electrochemical approach provides a convenient route for 
producing metals under lunar conditions and oxygen for the continuous 
maintenance of human habitats on the Moon‘s surface. 
Because o f  the high reversibility of this electrochemical system, it has also 
formed the basis for the lithium-oxygen secondary battery. Prototype single 
cells are currently being fabricated and tested in our laboratory. 
secondary lithium-oxygen battery system possesses the highest theoretical 
energy density yet investigated. 
This 
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A NEW CONCEPT FOR H I GH-CYLCLE-L I FE LEO : RECHARGEABLE Mn02-HYDROGEN d Do /J3 
A. J .  Appleby, H .  P .  Dhar, Y .  J. Kim, 0. J. Murphy, and S. Srinivasan 
Texas A&M University 
College Station, Texas 
The nickel-hydrogen secondary battery system is now the one of choice for use 
in GEO satellites. 
cadmium, with a lifetime that is at least comparable in terms o f  both cycle 
life and overall operating life. 
GEO use is small, LEO satellites with long lifetimes (5 to 10 years) will 
require secondary battery systems allowing 30,000 to 60,000 useful cycles 
which are characterized by an approximately 2C charge rate and C average 
discharge rate. These requirements are extremely difficult to attain with any 
existing battery system, though they can be attained with individual half- 
cel Is, especially those with non-consumable catalytic electrodes producing and 
consuming gaseous products. 
It offers superior energy density to that of nickel- 
While the number o f  deep cycles required for 
The best example of such a system is the rechargeable bifunctional hydrogen 
electrode familiar from the nickel-hydrogen cell. 
catalyst, which is immune to corrosion under all conditions. However, 
corrosion of the sintered nickel support of the nickel positive, combined with 
lattice contraction and expansion of active material during charge, eventually 
result in breakdown. This is a function of initial KOH concentration and 
range of discharge, 
for LEO use, so that it offers only about 20 Wh/kg, instead of about 60 Wh/kg 
for a system designed for 100% depth-of-discharge. 
This uses a platinum-based 
As a result, the nickel-hydrogen system must be derated 
Recent work has shown that birnessite Mn02 doped with bismuth oxide can be 
cycled at very high rates (6C) over a very large number of cycles (thousands) 
at depths-of-discharge in the 85% - 90% range, based on two electrons, which 
discharge at the same potential in a flat plateau. The potential is about 
0.7 V vs. hydrogen, with a cut-off at 0.6 V .  
would seem to be a disadvantage, since the theoretical energy density will be 
low. However, it permits the use o f  lightweight materials that are immune 
from corrosion at the positive. The high utilization and low equivalent weight 
of the active material , together with the use of teflon-bonded graphite for 
current collection, result in very light positives, especially when these are 
compared with those in a derated nickel-hydrogen system. In addition, the 
weight of the pressure vessel falls somewhat, since the dead volume is lower. 
Calculations show that a total system will have 2.5 times the Ah capacity of a 
derated nickel-hydrogen LEO battery, so that the energy density, based on 1.2 V 
for nickel-hydrogen and 0.7 V for Mn02-hydrogen. will be 45% higher for 
comparable cycling performance. 
Present work on this system concept, which involves microcalorimeter studies 
of self-discharge as well as cycling performance, will be described. 
At first sight, this low voltage 
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ON TEST 
N 8  9 - 22 9 9 2 
NG OF A 40 Ahr BIPOLAR NICKEL HYDROGEN BATTERY 
J e f f r e y  C.  B r e w e r  
NASA Marsha l l  Space F l i g h t  Center  
H u n t s v i l l e ,  Alabama 
M i c h e l l e  A .  Manzo and Randa l l  F .  Gahn 
NASA Lewis Research Center  
C leve land,  Oh io  
I n  a c o n t i n u i n g  e f f o r t  to  deve lop  N i H 2  b i p o l a r  techno logy  t o  a p o i n t  where i t  
can be used e f f i c i e n t l y  i n  space f l i g h t ,  Lewis Research Center  (LeRC) has 
begun t e s t i n g  a second 40 Ahr ,  1 0 - c e l l  b i p o l a r  b a t t e r y .  Th i s  b a t t e r y ,  p u t  on  
t e s t  i n  March, 1988, has undergone e x t e n s i v e  c h a r a c t e r i z a t i o n  t e s t i n g  t o  
determine t h e  e f f e c t s  o f  such o p e r a t i n g  parameters as charge and d i scha rge  
r a t e s ,  temperature,  and p ressu re .  
The fundamental des ign  o f  t h i s  a c t i v e l y  coo led  b i p o l a r  b a t t e r y  i s  t h e  same as 
t h e  first b a t t e r y ,  a l s o  t e s t e d  a t  LeRC. Most o f  t h e  i n d i v i d u a l  components, 
however, a re  f r o m  d i f f e r e n t  manufac turers .  D i f f e r e n t  t e s t i n g  procedures as 
w e l l  as c e r t a i n  un ique b a t t e r y  c h a r a c t e r i s t i c s  make i t  d i f f i c u l t  to  d i r e c t l y  
compare the  two s e t s  o f  r e s u l t s .  Some comparisons, however, can and w i l l  be 
made. 
I n  genera l ,  the  performance o f  t h i s  b a t t e r y  th roughou t  c h a r a c t e r i z a t i o n  
produced expected r e s u l t s .  V a r y i n g  t h e  charge r a t e  between C l4 ,  C l 2 ,  and C 
had l i t t l e  e f f e c t  on e f f i c i e n c i e s  w h i l e  v a r y i n g  t h e  d i scha rge  r a t e  between 
C l4 ,  C l2 ,  C, and 2C had g r e a t  e f f e c t s  on e f f i c i e n c i e s ,  w i t h  C14 p roduc ing  t h e  
b e s t  r e s u l t s  and 2C t h e  worst. Temperature v a r i a t i o n s  produced more p u z z l i n g  
r e s u l t s .  Temperatures of O O C ,  10°C, 2OoC, and 3OoC were a l l  used b u t  n o t  one 
o f  them showed a c o n s i s t e n t  e f f i c i e n c y  advantage over  t h e  o t h e r  t h r e e .  
charge v o l t a g e s ,  however, d i d  change -- dec reas ing  as temperatures inc reased.  
M id -po in t  d i scha rge  v o l t a g e s  i nc reased  as tempera tures  inc reased,  b u t  o n l y  a t  
t h e  C and 2C r a t e s .  I n i t i a l  t e s t s  a l s o  i n d i c a t e  a s l i g h t  e f f i c i e n c y  i nc rease  
w i t h  an i nc rease  i n  vesse l  p ressu re  from 200 to  400 p s i .  End o f  charge 
v o l t a g e  appears t o  be unaf fec ted  by t h e  i nc reased  p ressu re ,  b u t  m id -po in t  
d i scha rge  v o l t a g e s  a r e  s l i g h t l y  h i g h e r  a t  t he  C/4  and C/2 d i scha rge  r a t e s .  
even g r e a t e r  d i f f e r e n c e  i s  seen a t  t h e  C and 2C r a t e s .  
End o f  
An 
The main d i f f e r e n c e s  seen between t h e  f irst and second b a t t e r i e s  occu r red  
d u r i n g  t h e  h i g h - r a t e  d i scha rge  p o r t i o n  o f  t h e  t e s t  m a t r i x .  For the  second 
b a t t e r y ,  end-of -d ischarge v o l t a g e  l i m i t s  w e r e  reached w i t h i n  1 5  seconds on t h e  
1OC cons tan t  c u r r e n t  d i scha rge  r a t e  and e f f i c i e n c i e s  o f  l e s s  than 30% were 
a t t a i n e d  a t  t h e  5C cons tan t  c u r r e n t  r a t e .  
seconds-off 5C p u l s e  c u r r e n t  c y c l e  were reasonab le  r e s u l t s  produced. The 
f i r s t  b a t t e r y  a l s o  had poor  h i g h - r a t e  d i scha rge  r e s u l t s ,  a l t hough  b e t t e r  than 
those o f  t h e  second b a t t e r y .  M inor  changes were made t o  the  b a t t e r y  frame 
des ign  used for t h e  f i r s t  b a t t e r y  i n  an a t t e m p t  t o  a l l o w  b e t t e r  gas access t o  
t h e  r e a c t i o n  s i t e s  f o r  t h e  second b u i l d  and h o p e f u l l y  improve per formance.  
The changes, however, d i d  n o t  improve t h e  performance o f  t he  second b a t t e r y  
and cou ld  have p o s s i b l y  c o n t r i b u t e d  t o  t h e  poore r  performance t h a t  was 
observed. There a r e  o t h e r  component d i f f e r e n c e s  t h a t  c o u l d  have c o n t r i b u t e d  
t o  t h e  poorer  performance of t h e  second b a t t e r y .  
On ly  d u r i n g  one-second-on, f o u r -  
The H2 e l e c t r o d e  i n  the  
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second b a t t e r y  was c o n s t r u c t e d  w i t h  a Goretex back ing  which c o u l d  have l i m i t e d  
t h e  h i g h - r a t e  c u r r e n t  f low. The gas screen i n  the  second b a t t e r y  had a l a r g e r  
mesh which aga in  cou ld  have l i m i t e d  t h e  h i g h - r a t e  c u r r e n t  flow. 
2"  x 2" b a t t e r i e s  a r e  b e i n g  t e s t e d  t o  eva lua te  the  e f f e c t s  o f  t h e  component 
Small sca le  * 
I v a r i a t i o n s .  
I 
I 
I c h a r a c t e r i z a t i o n .  
LEO c y c l e  l i f e  t e s t i n g  a t  40% DOD and 10°C i s  scheduled t o  follow t h e  
I 
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ADVANCED DOUBLE LAYER CAPACITORS 
S. Sarangapani ,  P .  Lessner,  J .  Forch ione,  and A .  B. LaCont i  
G INER,  INC.  
Waltham, Massachusetts 
There i s  a need fo r  l a r g e  amounts o f  power t o  be d e l i v e r e d  r a p i d l y  i n  a number 
o f  a i r b o r n e  and space systems. Conven t iona l ,  p o r t a b l e  power sources,  such as 
b a t t e r i e s ,  a re  n o t  s u i t e d  t o  d e l i v e r i n g  h i g h  peak power pu l ses .  The charge 
s t o r e d  a t  t he  e l e c t r o d e - e l e c t r o l y t e  double l a y e r  i s ,  however, much more 
access ib le  on a s h o r t  t ime  s c a l e .  Devices e x p l o i t i n g  t h i s  concept have been 
f a b r i c a t e d  u s i n g  carbon (SOH101 and meta l  o x i d e s  (P innac le  Research) as t h e  
e l e c t r o d e s  and s u l f u r i c  a c i d  as t h e  e l e c t r o l y t e .  
One problem w i t h  u s i n g  a s o l i d  e l e c t r o d e  and a l i q u i d  e l e c t r o l y t e  module i s  
t h e  p o s s i b i l i t y  o f  leakage o f  t h e  e l e c t r o l y t e  because o f  t h e  r u p t u r e  o f  sea ls  
due t o  p ressu re  e x t e r n a l  changes, overcharge,  and o t h e r  f a c t o r s .  The s u l f u r i c  
a c i d  e l e c t r o l y t e  i s  h i g h l y  c o r r o s i v e ,  and leakage would be expected t o  l e a d  t o  
premature f a i l u r e  o f  the  module. 
l i q u i d  s u l f u r i c  a c i d  e l e c t r o l y t e  w i t h  a s o l i d  ionomer e l e c t r o l y t e .  The 
cha l l enge  i s  to  form a s o l i d  e l e c t r o d e - s o l i d  ionomer e l e c t r o l y t e  composi te  
which has a h i g h  c a p a c i t a n c e  p e r  g e o m e t r i c  a rea .  
The approach r e p o r t e d  here  rep laces  t h e  
The approach t o  maximize c o n t a c t  between t h e  e l e c t r o d e  p a r t i c l e s  and t h e  
ionomer has been t o  impregnate t h e  e l e c t r o d e  p a r t i c l e s  u s i n g  a l i q u i d  ionomer 
s o l u t i o n  and t o  bond the  s o l v e n t - f r e e  s t r u c t u r e  t o  a s o l i d  ionorner membrane. 
Ruthenium d i o x i d e  i s  the  e l e c t r o d e  m a t e r i a l  used and i s  p repared i n  powder 
form by thermal  decomposi t ion o f  RuC13 i n  t h e  presence o f  a f l u x i n g  agent .  
The ionomer s o l u t i o n  chosen f o r  t h e  i n i t i a l  phase o f  the  work c o n t a i n s  
N a f i o n  117 ( N a f i o n  ionomers a r e  p e r f l u o r o s u l f o n a t e d  ionorners made by 
E .  I. DuPont). I t  i s  purchased as a 5% s o l u t i o n  i n  a l coho l -wa te r  s o l v e n t .  
Three s t r a t e g i e s  a r e  be ing  pursued t o  p r o v i d e  for a h i g h  a rea  e lec t rode- ionomer  
c o n t a c t :  
f o l l o w e d  by evapora t i on  o f  the  s o l v e n t ,  ( 2 )  m i x i n g  o f  t h e  RuOx w i t h  a l a r g e  
amount o f  ionomer s o l u t i o n  f o l l o w e d  by  f i l t r a t i o n  t o  remove the  s o l v e n t ,  and 
( 3 )  impregnat ion  o f  the  ionomer i n t o  an a l r e a d y  formed RuOx e l e c t r o d e .  
( 1 )  m i x i n g  o f  the  RuOx w i t h  a smal l  volume o f  ionomer s o l u t i o n  
A f t e r  impregnat ion  and s o l v e n t  removal ,  e l e c t r o d e s  a r e  bonded t o  a N a f i o n  117 
membrane and t h e i r  e lec t rochemica l  behav io r  i s  examined by c y c l i c  vo l tammet ry  
and AC impedance techn iques .  The r e f e r e n c e  (Hg/HgS04> and coun te r  e l e c t r o d e s  
a r e  i n  1M H2SO4. Voltammograms showed the  b e g i n n i n g  o f  vo l tammet r i c  waves a t  
-0.275 V and +0.65 V v s .  Hg/HgSOq. The c a t h o d i c  wave i s  due t o  t h e  r e d u c t i o n  
o f  RuOx w h i l e  the  anode wave i s  l i m i t e d  t o  t h e  b e g i n n i n g  o f  oxygen e v o l u t i o n .  
The 0.925 V window between these r e a c t i o n s  r e p r e s e n t s  t h e  usab le  v o l t a g e  
range. Capaci tances were d e r i v e d  by  p l o t t i n g  c u r r e n t  d e n s i t y  vs.  sweep r a t e  
a t  0.1 V vs .  Hg/HgS04. 
RuOx powder and e l e c t r o d e s  have a l s o  been examined by  non-e lec t rochemica l  
techn iques .  X-ray d i f f r a c t i o n  has shown t h a t  t h e  m a t e r i a l  i s  a lmost  pure  
Ru02. 
s t r u c t u r e  depends on the  p rocess ing  techn ique  used t o  i n t r o d u c e  t h e  Naf ion.  
Impregnated e l e c t r o d e s  have N a f i o n  concen t ra ted  near  the  su r face .  
prepared by the  evapora t i on  method show l a r g e  aggregates o f  c r y s t a l s  
Capaci tances o f  up t o  60 mF/cm2 have been observed.  
BET su r face  area  o f  t h e  powder i s  a p p r o x i m a t e l y  50 m2/g. The e l e c t r o d e  
E l e c t r o d e s  
14 
4 
I 
surrounded by Nafion. 
electrode-electrolyte contact. 
Research is focusing on methods’ t o  make more uniform 
I ~* This work is being supported by the Office of Naval Research under Contract 
NO, N00014-88-0391. 
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RECENT ADVANCES I N  SOLID POLYMER ELECTROLYTE FUEL CELL TECHNOLOGY 
WITH LOW PLATINUM LOADING ELECTRODES 
Supramaniam Srinivasan, David J. Manko, Mohammad A. Enayatullah, 
and A. John Appleby 
Texas A&M University 
College Station, Texas 
There is great enthusiasm for the development of high power density fuel cell 
systems for defense and civilian applications. Taking into consideration the 
main causes for efficiency losses--activation, mass transport and ohmic 
overpotentials--the only fuel cell systems capable of achieving high power 
densities are the ones with alkaline and solid polymer electrolyte. High 
power densities (0.8 W/cm2 at 0.8 V and 1 A/cm2 with H2 and 02 as reactants), 
have already been well demonstrated in the International Fuel Cells/United 
Technologies Corporation alkaline fuel cell systems used in NASA’s Apollo and 
Space Shuttle flights as auxiliary power sources. 
(4 W/cm2 - i.e., 8 A/cm2 at 0.5 V )  have been reported by the USAF/International 
Fuel Cells in advanced versions of the alkaline system. 
Even higher power densities 
Historically, the first type of fuel cell system to find a major application 
(auxiliary power source in the Gemini Space Vehicles) is the one with solid 
polymer electrolyte as the electrolyte. These fuel cell systems were developed 
by the General Electric Company. Since the sixties, great strides have been 
made in increasing the power density from 50 mW/cm2 to about 2-3 W/cmz. The 
latter performance was achieved at Ballard Technologies Corporation which used 
practically the same technology as General Electric CompanylUnited Technologies 
Corporation--Hamilton Standard. The platinum loading in these fuel cells is 
4 mg/cm2 on each electrode. 
Research and Development at Los Alamos National Laboratory and in our 
laboratory has led to the attainment of high power densities (zl watt/cm2> in 
solid polymer electrolyte fuel cells with ten times lower platinum loading in 
the electrodes (i .e., 0.4 mg/cm2>. 
used to attain these goals are as follows: 
The necessary criteria and the methods 
(1) Extension of the three dimensional reaction zone by the impregnation of a 
proton conductor (i.e., the ion-exchange membrane) into the electrode 
structure. 
Hot pressing of the proton-exchange membrane and electrodes at a 
temperature above the glass transition temperature and at a pressure of 
50 atm. 
Adequate humidification of the reactant gases by passing these gases 
through humidification chambers set at temperatures of 10°C for H2 and 
5OC for oxygen or air higher than the cell temperature. 
Enhancement of the electrode kinetics of the hydrogen oxidation and the 
oxygen reduction reactions and particularly of the mass transport rates 
of the reactant gases to the electrode by operation at elevated 
temperatures and pressures, say 95OC and 5 atm. 
Localization of the platinum near the front surface of the electrode to 
reduce the thickness of the active layer and provide a higher 
concentration of platinum sites on the front surface to reduce mass 
transport and ohmic overpotentials within the porous electrode and at the 
electrodelelectrolyte interface. 
( 2 )  
(3) 
(4) 
(5) 
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(6) Improvement o f  t h e  c o n d u c t i v i t y  and water  r e t e n t i o n  o f  t h e  s o l i d  polymer 
e l e c t r o l y t e  b y  use o f  p e r f l u o r i n a t e d  s u l f o n i c  a c i d  membranes w i t h  lower  
e q u i v a l e n t  we igh t  ( i . e . ,  more s u l f o n i c  a c i d  groups pe r  po lymer molecu le )  
t han  Na f ion .  
Us ing  a l l  t h e  above methods, i t  i s  now p o s s i b l e  to  reach a c e l l  p o t e n t i a l  of 
0.620 V a t  a c u r r e n t  d e n s i t y  of 2 A/cm2 and a t  a temperature o f  95OC and 
p ressu re  o f  4 /5  atm w i t h  H2/02 as r e a c t a n t s .  The s lope o f  t h e  l i n e a r  r e g i o n  
of  t h e  p o t e n t i a l - c u r r e n t  d e n s i t y  p l o t  fo r  t h i s  case i s  0.15 ohm-cm2. Wi th  
H 2 / a i r  as r e a c t a n t s  and under t h e  same o p e r a t i n g  c o n d i t i o n s ,  mass t r a n s p o r t  
l i m i t a t i o n s  a r e  encountered a t  c u r r e n t  d e n s i t i e s  above 1.4 A/cm2. Thus, t h e  
c e l l  p o t e n t i a l  a t  1 A/cm2 w i t h  H 2 / a i r  as r e a c t a n t s  i s  l e s s  than t h a t  w i th  
H2/02 as r e a c t a n t s  by 40 mV, which i s  the  expected va lue  based on e l e c t r o d e  
k i n e t i c s  o f  the oxygen r e d u c t i o n  r e a c t i o n ,  and a t  2 A/cm2 w i t h  H 2 / a i r  as 
r e a c t a n t  i s  l e s s  than the  cor respond ing  va lue  w i t h  H2/02 as r e a c t a n t s  by  
250 mV, which i s  due t o  the  c o n s i d e r a b l y  g r e a t e r  mass t r a n s p o r t  l i m i t a t i o n s  i n  
t h e  fo rmer  case. 
a 
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THE APPLICATION OF DOW CHEMICAL'S PERFLUORINATED MEMBRANES 
I N  PROTON-EXCHANGE MEMBRANE FUEL CELLS 
t 13 3 / -2 7 
8;\ G. A .  Eisman Dow Chemical Company F reepor t ,  Texas 
Dow Chemica l ' s  research  a c t i v i t i e s  i n  f u e l  c e l l  dev ices  r e v o l v e s  around t h e  
development and subsequent i n v e s t i g a t i o n  o f  t h e  p e r f l u o r i n a t e d  ionomer ic  
membrane separa tor  u s e f u l  i n  proton-exchange membrane systems. Work i s  
c u r r e n t l y  f o c u s i n g  on s t u d y i n g  the  e f fec ts  o f  e q u i v a l e n t  we igh t ,  t h i c k n e s s ,  
water  o f  h y d r a t i o n ,  p re t rea tmen t  procedures,  as w e l l  as t h e  degree of water  
management r e q u i r e d  f o r  a g i v e n  membrane separa to r  i n  the  c e l l .  The 
p r e s e n t a t i o n  w i l l  i n c l u d e  d e t a i l s  of c e r t a i n  aspec ts  of the  above as w e l l  as 
some o f  t h e  requ i rements  f o r  h i g h  and low power genera t i on .  
4 
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N89-22996 p- i : f iHcJ 
HYDROGEN-OXYGEN PROTON-EXCHANGE MEMBRANE FUEL CELLS AND ELECTROLYZERS zca/S f 
R.  Baldwin 
NASA Lewis Research Center 
Cleveland, Ohio 
M. Pham 
Houston, Texas 
NASA Lyndon 6. Johnson Space Center 
A .  Leonida, J. McElroy, and T .  Nalette 
Hamilton Standard 
Windsor Locks, Connecticut 
Hydrogen-oxygen SPE fuel cells and SPE electrolyzers (products of Hamilton 
Standard) both use a Proton-Exchange Membrane (PEM) as the sole electrolyte. 
These sol id electrolyte devices have been under continuous development for 
over 30 years. This experience has resulted in a demonstrated ten-year SPE 
cell life capability under load conditions. 
Ultimate life of PEM fuel cells and electrolyzers is primarily related to the 
chemical stability of the membrane. For perfluorocarbon proton-exchange 
membranes an accurate measure of the membrane stability is the fluoride loss 
rate. Millions of cell hours have contributed to establishing a relationship 
between fluoride loss rates and average expected ultimate cell life. Figure I 
shows this relationship. Several features have been introduced into SPE fuel 
cells and SPE electrolyzers such that applications requiring ,100,000 hours of 
life can be considered. 
FLUORIDE LOSS RATE . If.,*- MIL . HR I 
100.000 
10.000 
1000 
100 
e 
FIGURE I. EXPECTED LIFETIMES OF SPE CELLS W I T H  PERFLUOROCARBON PROTON-EXCHANGE 
MEMBRANES 
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Equally important as the ultimate life is the voltage stability of hydrogen- 
oxygen fuel cells and electrolyzers. Here again the features of SPE fuel cells 
and SPE electrolyzers have shown a cell voltage stability in the order of 
1 microvolt per hour. That level of stability has been demonstrated for tens 
of thousands of hours in SPE fuel cells at up to 500 amps per square foot (ASF) 
current density. SPE electrolyzers have demonstrated the same at 1000 A S F .  
Many future extraterrestrial applications for fuel cells require that they be 
self recharged (i.e., regenerative fuel cells). This requirement means that a 
dedicated fuel cell and a dedicated electrolyzer work in tandem as an 
electrical energy storage system. Some applications may find advantage with a 
unitized regenerative fuel cell (i.e., one cell that operates alternately as a 
fuel cell and as an electrolyzer). Electrical energy storage for earth orbits 
via hydrogen-oxygen regenerative fuel cell systems can have specific energies 
in excess of 50 watt-hours/kg. For extraterrestrial surface electrical energy 
storage the hydrogen-oxygen regenerative fuel cell can have significantly 
increased specific energies: 
- Mars Base - 500 watt-hourslkg 
- Lunar Base - 1000 watt-hours/kg 
To translate the proven SPE cell life and stability into a highly reliable 
extraterrestrial electrical energy storage system, a simplification of 
supporting equipment is required. Static phase separation, static fluid 
transport and static thermal control will be most useful in producing required 
system reliability. Although some 200,000 SPE fuel cell hours have been 
recorded in earth orbit with static fluid phase separation, no SPE 
electrolyzer has, as yet, operated in space. 
Under NASA sponsorship a flight experiment of a unitized regenerative fuel 
cell is being studied. If selected for actual flight under the NASA OAST 
Outreach Project, several advanced features will be tested in space: 
- reversible SPE cell (unitized) 
- passive fuel cell product water separation and removal 
- passive electrolyzer process water introduction 
- passive electrochemical gas pumping 
- passive heat management 
The objective of the flight experiment is to test the space viability of the 
incorporated features, and not to imply that the specific configuration of the 
flight experiment is optimum for any given extraterrestrial application. With 
a successful flight experiment, supported by terrestrial experiments, the 
system designer can select the proven advanced system features that are 
appropriate for any particular extraterrestrial application. 
20 
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ELECTROCATALYSTS FOR OXYGEN ELECTRODES I N  FUEL CELLS 
AND WATER ELECTROLYZERS FOR SPACE APPLICATIONS 
Jai Prakash, Donald Tryk, and Ernest Yeager 
Case Western Reserve University 
Cleveland, Ohio 
In most instances separate electrocatalysts are needed to promote the 
reduction of 02 in the fuel cell mode at to generate 02 in the energy storage - 
water electrolysis mode in aqueous electrochemical systems operating at low 
and moderate temperature ( T  2 O O 0 C > .  This situation arises because, even 
with relatively high performance catalysts, the 02 reduction and generation 
reactions are still quite irreversible with much overpotential. The 
potentials of the 02 electrode in the cathodic and anodic modes are separated 
by typically 0.6 V and the states of the catalyst surface are very different. 
Interesting exceptions are the lead and bismuth ruthenate pyrochlores in 
alkaline electrolytes. 
catalytic activity for both 02 reduction and generation (1.2). 
rotating ring-disk electrode measurements provide evidence that the 02 
reduction proceeds by a parallel four-electron pathway. The ruthenates can 
also be used as self-supported catalysts to avoid the problems associated with 
carbon oxidation, but the electrode performance so far achieved in the 
research at CWRU is considerably less. The possibility exists, however, o f  
supporting these catalysts on a stable electronically-conducting high area 
oxide support such as a perovskite. 
At the potentials involved in the anodic mode the ruthenate pyrochlores have 
substantial equilibrium solubility in concentrated alkaline electrolyte. This 
results in the loss of catalyst into the bulk solution and a decline in 
catalytic activity. Furthermore, the hydrogen generation counter electrode 
may become contaminated with reduction products from the pyrochlores (lead, 
ruthenium). 
These catalysts on high area carbon supports have high 
Furthermore, 
A possible approach to this problem is to immobilize the pyrochlore catalyst 
within an ionic-conducting solid polymer, which would replace the fluid 
electrolyte within the porous gas diffusion 02 electrode. For bulk alkaline 
electrolyte, an anion-exchange polymer i s  needed with a transference number 
close to unity,for the OH- ion. 
transport of the lead and ruthenium, which are expected to be in complex 
anionic forms. 
a commercially available partially-fluorinated anion-exchange membrane as an 
overlayer on the porou's gas-fed electrode indicate lower anodic polarization 
and virtually unchanged cathodic polarization. The leakage of soluble Pb and 
Ru species from the catalyst through the ionomer membrane will be evaluated. 
Other methods of applying polymer layers over the gas-fed electrodes or 
incorporating the polymer within the electrode will be discussed. 
Such a membrane may not block completely the 
Preliminary short-term measurements with lead ruthenates using 
Acknowledgement: 
Laboratory and the Department of Energy through a subcontract with Lawrence 
Berkeley Laboratory. 
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n OXYGEN ELECTRODES FOR RECHARGEABLE ALKALINE FUEL CELLS 
L. Swette and N. Kackley 
GINER, INC. 
Waltham, Massachusetts 
The primary objective of this program is the investigation and development of 
electrocatalysts and supports for the positive electrode of moderate 
temperature single-unit rechargeable alkaline fuel cells. Viable candidate 
materials must meet the following requirements: (1) good electrical 
conductivity (a more demanding requirement for supports than 
electrocatalysts), ( 2 )  high resistance to chemical corrosion and 
electrochemical oxidation and/or reduction, and (3) electrocatalysts, 
addition, must exhibit high bifunctional electrocatalytic activity (02 
evolution and reduction). Advanced development will require that the 
materials be prepared in high surface area forms, and may also entail 
integration of various candidate materials, e.g., one or two electroca 
distributed on a less active support material. 
n 
alysts 
Candidate support materials have been drawn from transition metal carbides, 
borides, nitrides (Ti, Zr, Hf, Nb) and oxides (La, Sr, Cr, Mo, W ,  Mn, Ni) 
which have high conductivity (> 1  ohm-cm-l). Candidate catalyst materials have 
been selected largely from metal oxides of the form ABOx (where A = Pb, Cd, 
Mn, Ti, Zr, La, Sr, Na, and B = Pt, Pd, Ir, Ru, Ni, Co) which have been 
investigated and/or developed for one function only, 02 reduction or 02 
evolution. The electrical conductivity requirement for catalysts may be 
lower, especially if integrated with a higher conductivity support. For 
initial evaluation, materials have been purchased when available; 
subsequently, in-house preparations have been attempted, to affect surface 
area and composition, if necessary. 
All candidate materials of acceptable conductivity are subjected to corrosion 
testing in three steps. 
30% KOH at 8OoC under oxygen for several days. 
chemical testing are examined for electrochemical corrosion activity; the 
material is held at 1.4 V versus RHE in 30% KOH at 8OoC for 15 to 20 hours .  
An acceptable anodic current is on the order of a few microamps/mg of 
material. 
electrocatalysts (which generally show significant 02 evolution at 1 . 4  V I ,  
samples are held at 1.6 V or 0.6 V for about 100 hours. 
materials are then physically and chemically analyzed for signs of degradation 
(visual examination, electron microscopy, X-ray diffraction). 
Preliminary corrosion testing consists of exposure to 
Materials that survive 
For more stringent corrosion testing, and for further evaluation of 
The surviving 
To evaluate the bifunctional oxygen activity of candidate catalysts, 
Teflon-bonded electrodes are fabricated and tested in a floating electrode 
configuration. Many of the experimental materials being studied have required 
development of a customized electrode fabrication procedure. 
testing, catalysts of interest should show <SO0 mV polarization (from 1.2 V I  
in either mode at 200 mA/cm2. 
the polarization to about 300-350 mV. 
For preliminary 
In advanced development, our goal is to reduce 
Approximately six support materials and five catalyst materials have been 
identified to date for further development. 
descr i bed. 
The test results will be 
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Th i s  work i s  be ing  suppor ted  by NASA Lewis Research Center  under t h e  d i r e c t i o n  
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NON-NOBLE ELECTROCATALYSTS 
N89- 229 
FOR ALKALINE FUEL CELLS 
S. Sarangapani, P. Lessner, M. Manoukian, and J .  Giner  
GINER,  I N C .  
Waltham, Massachusetts 
Noble meta ls ,  when used as e l e c t r o c a t a l y s t s  f o r  oxygen r e d u c t i o n  i n  a l k a l i n e  
f u e l  c e l l s ,  s u f f e r  from t h e  d isadvantages o f  h i g h  cos t ,  s u s c e p t i b i l i t y  t o  
p o i s o n i n g  and s i n t e r i n g .  Carbons a c t i v a t e d  w i t h  macrocyc l i cs  have a t t r a c t e d  
i n c r e a s i n g  a t t e n t i o n  as a l t e r n a t i v e  e l e c t r o c a t a l y s t s  f o r  oxygen r e d u c t i o n .  
I n i t i a l  a c t i v i t y  of these c a t a l y s t s  i s  good, b u t  performance d e c l i n e s  
r a p i d l y .  P y r o l y z i n g  the  macrocyc l i c  on t h e  carbon suppor t  leads  t o  enhanced 
s t a b i  1 i t y  and the  c a t a l y s t s  r e t a i n  good a c t i v i t y .  
Desp i te  t h i s  p romis ing  method o f  t r e a t i n g  m a c r o c y c l i c - a c t i v a t e d  carbon 
c a t a l y s t s ,  t h e  performance decay i s  s t i l l  too l a r g e  t o  be accep tab le .  The 
approach desc r ibed  here i s  des igned to  develop b u l k  doped c a t a l y s t s  w i t h  
s i m i l a r  s t r u c t u r e s  to  py ro l yzed  macrocyc l i c  c a t a l y s t s .  
and coo rd ina ted  l i g a n d s  a re  d i spe rsed  th roughout  t h e  b u l k  o f  t h e  conduc t i ve  
carbon s k e l e t o n .  
The t r a n s i t i o n  meta l  
Two approaches t o  r e a l i z i n g  t h i s  concept a re  be ing  pursued,  b o t h  i n v o l v i n g  t h e  
dop ing  o f  carbon p recu rso rs .  I n  one approach, t h e  p r e c u r s o r  i s  a s o l i d  phase 
carbon-conta in ing  ion-exchange r e s i n .  The p recu rso r  i s  doped w i t h  a 
t r a n s i t i o n  meta l  and/or  n i t r o g e n ,  and t h e  r e s u l t i n g  m i x t u r e  i s  p y r o l y z e d .  I n  
the  o t h e r  approach, t h e  p recu rso r  i s  a gas-phase hydrocarbon.  Th is  i s  
i n t r o d u c e d  w i t h  a t r a n s i t i o n  meta l  spec ies and n i t r o g e n  species i n t o  a r e a c t o r  
and py ro l yzed .  Th is  paper w i l l  m a i n l y  d iscuss  work conducted u s i n g  t h e  s o l i d -  
phase p y r o l y s i s  approach. 
For t h e  so l id -phase p recu rso rs ,  ion-exchange r e s i n s  were  s e l e c t e d .  Weak a c i d  
cation-exchange r e s i n s  and c h e l a t i n g  r e s i n s  have been used. 
i n c l u d e d  Fe3+ (from FeC13>, Fe(bipy>$Oq and NH40H. 
temperatures have ranged from 700-900OC. 
Gas-phase p y r o l y s i s  i s  c a r r i e d  o u t  i n  a tube fu rnace .  The gas-phase p r e c u r s o r ,  
ammonia ( t h e  n i t r o g e n  source) ,  and t h e  i r o n - c o n t a i n i n g  o r g a n o m e t a l l i c  a r e  
i n t r o d u c e d  i n t o  the  r e a c t o r .  The heated zone o f  t h e  fu rnace  i s  ma in ta ined  a t  
a tempera ture  o f  1000°C. 
Dopants have 
T y p i c a l  p y r o l y s i s  
E lec t rochemica l  t e s t s  a r e  per formed u s i n g  the  f l o a t i n g  e l e c t r o d e  techn ique .  
The e l e c t r o d e s  a re  t e s t e d  a t  8OoC i n  7M KOH. 
Severa l  s t u d i e s  have been conducted t o  determine i f  t h e r e  i s  a s y n e r g i s t i c  
e f f e c t  between t h e  t r a n s i t i o n  meta l  and n i t r o g e n  and t h e  e f f e c t  o f  d i f f e r e n t  
methods of  i n t r o d u c i n g  t h e  M-N c o o r d i n a t i o n  on per formance.  
One approach was to  i n t r o d u c e  t h e  meta l  and n i t r o g e n  separa te l y ,  for example, 
by s e q u e n t i a l l y  doping FeC13 and NH40H i n t o  t h e  r e s i n .  
p repared from an undoped ion-exchange r e s i n ,  a r e s i n  doped o n l y  w i t h  N,  a 
r e s i n  doped o n l y  w i t h  Fe, and a r e s i n  doped w i t h  b o t h  Fe and N. I n t r o d u c t i o n  
of n i t r o g e n  a lone has no b e n e f i c i a l  e f f e c t  on t h e  performance o f  t h e  
c a t a l y s t s .  The i n t r o d u c t i o n  o f  t h e  Fe a lone s i g n i f i c a n t l y  improves t h e  
performance i n  b o t h  t h e  h i g h  and low c u r r e n t  d e n s i t y  r e g i o n s .  When b o t h  Fe 
C a t a l y s t s  were 
e 
25 
and N are introduced, the performance at lower current densities ("catalytic 
activity") is increased beyond that of the Fe-doped carbon, but the 
performance at higher current densities is similar to the carbon containing 
only Fe. 
Catalysts prepared from resi ns-Fe(bi py)3SO4 precursors have performance that 
is only slightly less then CoTMPP adsorbed and pyrolyzed on Vulcan XC-72. 
Their performance is much better than carbons which have had the N and Fe 
introduced separately. 
4 
This work is being supported by the U . S .  Department of Energy under Contract 
NO. DE-AC02-87ER80500.MOOl. 
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2 c 7 6 / 3  b CORROSION TESTING OF CANDIDATES FOR THE ALKALINE FUEL CELL CATHODE 
Joseph S inger  and W i l l i a m  L. F i e l d e r  
NASA Lewis Research Center  
C leve land,  Ohio 
I t  i s  d e s i r a b l e  t o  employ a c o r r o s i o n  screen ing  t e s t  f o r  c a t a l y s t  or suppor t  
cand ida tes  f o r  the  f u e l  c e l l  cathode be fo re  e n t e r i n g  upon o p t i m i z a t i o n  of  t h e  
cand ida te  or o f  t h e  c a t a l y t i c  e l e c t r o d e .  To t h i s  end, c o r r o s i o n  t e s t  
e l e c t r o d e s ,  in tended f o r  complete immersion and maximum w e t t i n g ,  have been 
made w i t h  30-40 vol.  I T e f l o n ;  w i t h  p e r o v s k i t e s  t h i s  i s  about 10-15 w t  %. The 
cand ida tes  were  syn thes ized by methods in tended for  s ing le-phase p r o d u c t  
w i t h o u t  s p e c i a l  emphasis on h i g h  su r face  area,  a l t hough  the  substances t e s t e d  
were no coarser  than 2 d / g .  
substance, u s u a l l y  on g o l d  screen, a few mm2 o f  which were l e f t  ba re  for 
c o n t a c t i n g .  
m i c r o - t o r c h  o r  a spot-welder .  
A t y p i c a l  l o a d i n g  was 25 mg/cm2 of t h e  pure  
Contact  t o  the  g o l d  l e a d  w i r e  was made by we ld ing  w i t h  a 
C o r r o s i o n  t e s t i n g  c o n s i s t e d  o f  o b t a i n i n g  c u r r e n t - v o l t a g e  da ta  under f l o w i n g  
i n e r t  gas i n  t h e  p o t e n t i a l  r e g i o n  fo r  r e d u c t i o n  of 02. The e l e c t r o d e  was 
immersed i n  30% KOH. Observa t ions  were made a t  20°C and 8OoC, and t h e  r e s u l t s  
compared w i t h  da ta  from g o l d  s tandards.  
p y r o c h l o r e s ,  s p i n e l s ,  and i n t e r s t i t i a l  compounds w i l l  be d iscussed.  
Resu l ts  w i t h  some p e r o v s k i t e s ,  
C o l l a b o r a t i o n  on t h i s  program w i t h  Phys i ca l  Sciences, I n c .  ( C o n t r a c t  No. 
NAS3-25119) i s  g r a t e f u l l y  acknowledged. 
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fl&;. 0 PIQ /”” STRUCTURAL COMPAR I SON OF N I CKEL ELECTRODES AND PRECURSOR PHASES 
J O 6 d 3 . 3  
Bahne C. Cornilsen, Xiaoyin Shan, and Patricia Loyselle 
Michigan Technological University 
Houghton, Michigan 
The solid state structure of the nickel electrode controls the electrochemical 
properties. 
properties which critically depend upon the structure. Undesirable phases can 
cause battery failure. If we can define the critical structural components 
(including nonstoichiometry and disorder in fine particle size materials), it 
is possible to control the empirical variables to optimize the electrochemical 
Proton diffusion and electron conduction are examples of 
properties. 
properties and how the structure can be controlled during electrode 
preparation, including deposition and formation. Definition of structure 
allows one to sort out the complex property-preparation relationship. Th 
third side of the triangle, which provides control of electrochemical 
properties, is defined if we know the other two sides, structure-property 
structure-preparation. 
To do this we must know both how the structure controls 
In this paper we shall summarize our previous Raman spectroscopic results 
discuss imDortant structural differences in the various Dhases of active 
S 
and 
and 
a s s  
and active’mass precursors. 
phases, and allow one to distinguish each phase, even when the compound is 
amorphous to x-rays (i.e. does not scatter x-rays because of a lack of order 
and/or smal 1 particle size). The structural changes incurred during 
formation, charge and discharge, cobalt addition, and aging will be discussed 
and related to electrode properties. 
Raman spectra provide unique signatures for these 
Important structural differences include Ni02 layer stacking, nonstoichiometry 
(especially cation-deficit nonstoichiometry), disorder, dopant content, and 
water content. Our results indicate that optimal nickel active mass is 
non-close packed and nonstoi chiometric. The formation process transforms 
precursor phases into this structure. Therefore, the precursor disorder, or 
lack thereof, influences this final active mass structure and the rate of 
formation. Aging processes induce structural change which is believed to be 
detrimental. The role of cobalt addition can be appreciated in terms of 
structures favored or stabilized by the dopant. 
In recent work, we have developed the in s i t u  Raman technique to characterize 
the critical structural parameters. An i n  s i t u  method is necessary i f  one 
wishes to relate structure, electrochemistry, and preparation. We collect i n  
s i t u  Raman spectra of cells during charge and discharge, either during cyclic 
voltammetry or under constant current conditions. 
4 
4 
4 
I 
With the structure-preparation knowledge now on-hand, and the new i n  s i t u  
Raman tool, it will be possible to define the structure-property-preparation 
relations in more detail. This instrumentation has application to a variety 
of electrode systems. 
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IMPEDANCE STUDIES OF Ni/Cd AND Ni /H CELLS USING THE CELL 
CASE AS REFERENCE ELECTRODE 
Margare t  A .  Reid 
NASA Lewis Research Center  
C leve land,  Oh io  
Many impedance s t u d i e s  have been c a r r i e d  out on N i  e l e c t r o d e s  and Ni /Cd and 
N i / H  b a t t e r i e s .  Some s t u d i e s  have been made w h i l e  t h e  c e l l s  were b e i n g  
d ischarged,  o t h e r s  a t  v a r i o u s  open c i r c u i t  vo l tages .  The impedances have been 
found t o  be s t r o n g l y  dependent on depths-of -d ischarge and/or  v o l t a g e  and on 
the  procedure used t o  o b t a i n  the  measurements. The s t u d i e s  have been s i m i l a r  
q u a l i t a t i v e l y  b u t  n o t  q u a n t i t a t i v e l y .  
r e p r o d u c i b i l i t y ,  a second problem a r i s e s  when measuring complete c e l l s  which 
have no re fe rence e l e c t r o d e  as t o  which p o r t i o n  o f  t h e  impedance can be 
a t t r i b u t e d  t o  t h e  anode and which p o r t i o n  to  the  cathode. I n  o r d e r  for 
impedance t o  become a d i a g n o s t i c  tool,  accu ra te  and r e p r o d u c i b l e  measurements 
must be made, and some way o f  s e p a r a t i n g  t h e  c o n t r i b u t i o n s  o f  t h e  i n d i v i d u a l  
e l e c t r o d e s  must be found.  
I n  a d d i t i o n  t o  t h e  problem of 
Recent s t u d i e s  i n  o u r  l a b o r a t o r i e s  u s i n g  the  PAR and t h e  S o l a r t r o n  impedance 
equipment have found t h a t  c o n s i s t e n t  measurements can be made if t h e  c e l l s  or 
e l e c t r o d e s  a re  e q u i l i b r a t e d  a t  t h e  v o l t a g e  o f  i n t e r e s t .  
e q u i l i b r a t i o n  t i m e s  r e q u i r e d  a re  s h o r t ,  on t h e  o r d e r  o f  a f e w  hours or l e s s ,  
b u t  t h e  e q u i l i b r a t i o n  t ime  r e q u i r e d  becomes p r o g r e s s i v e l y  l onger  as t h e  
v o l t a g e  i s  lowered.  We have a l s o  found t h a t  t he  c e l l  case can be used as a 
r e f e r e n c e  e l e c t r o d e  d u r i n g  impedance measurements. The v o l t a g e  o f  t h e  case 
w i t h  r e s p e c t  t o  the  e l e c t r o d e s  i s  un impor tan t  p r o v i d e d  t h a t  i t  does n o t  change 
a p p r e c i a b l y  d u r i n g  the  course o f  t h e  measurement. Measurements have been made 
w i t h  severa l  uncyc led  Ni /Cd c e l l s ,  one f rom a l o t  which was known to  have 
f a u l t y  Cd e l e c t r o d e s  and another  from a l o t  which showed e x c e l l e n t  c y c l e  l i f e  
and presumably had good Cd e l e c t r o d e s .  The impedances o f  t h e  N i  e l e c t r o d e s  vs. 
t he  case were s i m i l a r ,  w h i l e  t h e  impedance o f  the  poor Cd e l e c t r o d e s  v s .  t h e  
case were an o r d e r  o f  magnitude g r e a t e r  than t h a t  o f  t h e  good Cd e l e c t r o d e  vs .  
the  c a s e .  A 50 A H  N i / H  c e l l  has a l s o  been i n v e s t i g a t e d .  A f t e r  s u b t r a c t i o n  o f  
the  ohmic r e s i s t a n c e s ,  t h e  sums o f  t he  impedances o f  t h e  i n d i v i d u a l  e l e c t r o d e s  
were v e r y  c l o s e  to t he  impedance of  t h e  total c e l l .  Th i s  i n d i c a t e s  t h a t  t h e  
method i s  v a l i d  f o r  examin ing t h e  c h a r a c t e r i s t i c s  o f  t h e  i n d i v i d u a l  e l e c t r o d e s  
I n  t h e  charged s t a t e ,  
in s i t u .  
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THE APPLICATION OF ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY FOR 
CHARACTERIZING THE DEGRADATION OF Ni(OH)2/NiOOH ELECTRODES /=kxv35 
Digby D. Macdonald 
SRI International 
Menlo Park, California 
In this paper we describe the use of wide-band electrochemical impedance 
spectroscopy for characterizing the degradation o f  porous Ni (OH)z/NiOOH 
electrodes in concentrated KOH electrolyte solutions. The impedance spectra 
are interpreted in terms of a finite electrical transmission line and the 
changes in the components of the electrical analog are followed as a function 
of cycle number. We show that the degradation of the capacity of rolled and 
bonded Ni(OH>2/NiOOH electrodes is caused by rupture of ohmic contacts within 
the active mass and by restructuring which results in a decrease in the number 
of active pores. 
4 
30 
e 
I. 
0 
KOH CONCENTRATION EFFECT ON THE CYCLE L I F E  OF NICKEL-HYDROGEN CELLS. 
I V .  RESULTS OF FAILURE ANALYSES 
0 0  d/L 
A 
Effects of KOH concentrations on failure modes and mechanisms of 
nickel-hydrogen cells have been studied using long cycled boiler plate cells 
containing electrolytes of various KOH concentrations ranging 21 t o  36%. 
of these cells were up to 40,000 cycles in an accelerated low earth orbit 
(LEO) cycle regime at 80% depth of discharge. An interim life test results 
were reported earlier in J. Power Sources, 22, 213-220, 1988. The present 
report will discuss the results of final life test, end-of-life cell 
performance, and teardown analyses. These teardown analyses included vi sua1 
observations, measurements of nickel electrode capacity in an electrolyte- 
e 
Life 
1 ,  dimensional changes of cell components, SEM studies on cell 
on, BET surface area and pore volume distribution in cycled nickel 
and chemical analyses. 
0 
flooded ce 
cross sect 
electrodes 
Cycle life 
H. S .  Lim and S. A. Verzwyvelt 
Hughes Aircraft Company 
Los Angeles, California 
of a nickel-hydrogen cell was improved tremendously as KOH 
concentration was decreased from 36 to 31% and from 31 to 26% while effect of 
further concentration decrease was complicated as described in our earlier 
report. Failure mode of high concentration (31 to 36%) cells was gradual 
capacity decrease, while that of low concentration (21 to 26%) cells was 
mainly formation of a soft short. Long cycled (25,000 to 40,000 cycles) 
nickel electrodes were expanded more than 50% of the initial value, but no 
correlation was found between this expansion and measured capacity. A l l  
electrodes cycled in low concentration (21 to 26%) cells had higher capacity 
than those cycled in high concentration (31 to 36%) cells. 
31 
N89-23005 
ADVANCES I N  LIGHTWEIGHT NICKEL ELECTRODE TECHNOLOGY 
Dwaine Coates, Gary Paul, James R. Wheeler, and Paul Daugherty 
Eagle-Picher Industries, Inc. 
Joplin, Missouri 
Studies are currently underway t o  further the development o f  1 ghtweight 
nickel electrode technology. Work is focused primarily on the space 
nickel-hydrogen system and nickel-iron system but is also appl cable t o  the 
nickel-cadmium and nickel-zinc systems. The goal i s  t o  reduce electrode 
weight while maintaining or improving performance thereby increasing electrode 
energy density. Two basic electrode structures are being investigated. The 
first is the traditional nickel sponge produced from sintered nickel-carbonyl 
powder and the second is a new material for this application which consists of 
a non-woven mat of nickel fiber. Electrodes are being manufactured, tested 
and evaluated at the electrode and cell level. 
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MULTI-MISSION Ni-H2 BATTERY 
CELL FOR THE 1990's 
Lee Miller, Jack Brill, and Gary Dodson 
Eagle-Picher Industries, Inc. 
Joplin, Missouri 
A sufficient production, test and operational database i s  now available t o  
permit design technology optimization for the next decade. 
battery cell design features standardized technology intended to support 
multiple type missions (e.g., both GEO and LEO). Design analyses and 
validation test cells demonstrate improved performance plus attractive 
specific-energy characteristics will be achieved. 
The evolved le 
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NICKEL-HYDROGEN CAPACITY LOSS ON STORAGE 
Michelle A. Manzo 
NASA Lewis Research Center 
Cleveland, Ohio 
Nickel-hydrogen batteries are rapidly becoming accepted for use in 
low-earth-orbit and geosynchronous orbit applications. With their increased 
use it has become evident that the storage procedures commonly used for 
nickel-cadmium cells are not adequate for the nickel-hydrogen system. 
Frequently cells that have been stored, under varied conditions, have 
exhibited a significant loss of capacity. However, due to variations in test 
and handling procedures, much of the data available on capacity loss has been 
confusing and often conflicting. A s  a result, members of the Electrochemical 
Technology Branch at the Lewis Research Center conducted a controlled 
determination of the capacity loss exhibited by nickel electrodes from various 
manufacturers when exposed to different storage conditions. 
A comprehensive test matrix was developed to evaluate capacity loss in nickel 
electrodes from four different manufacturers. Two types of tests were run; 
individual electrode tests, which involved flooded capacity and impedance 
measurements before ana' after storage under varied conditions of temperature, 
hydrogen pressure, and electrolyte concentration; and cell tests which 
primarily evaluated the effects of state-of-charge on storage. The electrode 
tests were run using electrodes from Hughes, Gates Aerospace Batteries, 
Whittaker-Yardney, and Eagle-Picher Industries, Inc. - Joplin. The cell tests 
were run only with Hughes electrodes. The cell tests evaluated capacity loss 
on cells stored open circuit, shorted and trickle charged at C/lOO following a 
full charge. 
The results indicate that capacity loss varies with the specific electrode 
manufacturing process, storage temperature and hydrogen pressure. In general, 
electrodes stored at low temperatures or low hydrogen pressures exhibited a 
smaller loss in capacity over the twenty-eight day storage period than those 
stored at high pressure and high temperature. The capacity loss appears to 
correlate with the level of cobalt in the nickel electrode, with the most 
significant loss of capacity occurring in electrodes with higher cobalt 
levels. Impedance measurements appear to correlate well with the capacity 
loss observed for a given type of electrode but do not correlate well with the 
capacity loss between electrodes fabricated by different manufacturers. There 
was a definite correlation between the electrode potential measured 
immediately following storage and the measured capacity loss. 
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HYDROGEN EMBRITTLEMENT I N  NICKEL-HYDROGEN CELLS 
Sidney Gross 
Boeing Aerospace 
Seattle, Washington 
3 (30 / 4Q 
n 
It has long been known that many strong metals can become weakened and brittle 
as the result of the accumulation of hydrogen within the metal. 
metal is stretched, it does not show normal ductile properties, but fractures 
prematurely. 
reaction such as corrosion or electroplating, or due to hydrogen in the 
environment at the metal surface. 
When the 
This problem can occur as the result of a hydrogen evolution 
High strength alloys such as steels are especially susceptible t o  hydrogen 
embrittlement. Nickel-hydrogen cells commonly use Inconel 718 alloy for the 
pressure container, and this also is susceptible to hydrogen embrittlement. 
Metals differ in their susceptibility to embrittlement, however. 
Hydrogen embrittlement in nickel-hydrogen cells is analyzed in this paper, and 
the reasons why it may or may not occur are discussed. 
can display hydrogen embrittlement, experience has not identified any problem 
with nickel-hydrogen cells. 
with the 718 alloy pressure container used in nickel-hydrogen cells. 
Although Inconel 718 
No hydrogen embrittlement problem is expected 
e 
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SODIUM SULFUR BATTERY FLIGHT EXPERIMENT DEFINITION STUDY 
3 6  O / Y /  
Rebecca R .  Chang 
Ford  Aerospace Corpo ra t i on  
P a l o  A 1  t o ,  Cal i f o r n i a  
and 
Rober t  Minck 
Ford  Aerospace C o r p o r a t i o n  
Newport Beach, C a l i f o r n i a  
Sodium-sul fur  b a t t e r i e s  have been i d e n t i f i e d  as t h e  most l i k e l y  successor t o  
n icke l -hydrogen b a t t e r i e s  f o r  space a p p l i c a t i o n s .  One advantage of t h e  Na/S 
b a t t e r y  s y s t e m  i s  t h a t  t h e  usab le  s p e c i f i c  energy i s  two t o  t h r e e  t imes t h a t  
o f  n icke l -hydrogen b a t t e r i e s .  T h i s  rep resen ts  a s i g n i f i c a n t  launch cost 
sav ings or inc reased pay load mass c a p a b i l i t i e s .  Na/S b a t t e r i e s  suppor t  NASA 
O A S T ' s  proposed C i v i l  Space Technology I n i t i a t i v e  goal  of  a f a c t o r  of two 
improvement i n  spacec ra f t  power system performance, as w e l l  as t h e  proposed 
Spacec ra f t  2000 i n i t i a t i v e .  
The sod ium-su l fu r  b a t t e r y  ope ra tes  a t  between 300 and 4OO0C, u s i n g  l i q u i d  
sodium and s u l f u r l p o l y s u l f i d e  e l e c t r o d e s  and s o l i d  ceramic e l e c t r o l y t e .  
t r a n s p o r t  o f  the  e l e c t r o d e  m a t e r i a l s  t o  t h e  su r face  o f  the  e l e c t r o l y t e  i s  
th rough w i c k i n g l c a p i l l a r y  f o r c e s .  These c r i t i c a l  t r a n s p o r t  f u n c t i o n s  must be 
demonstrated under a c t u a l  m i c r o g r a v i t y  c o n d i t i o n s  b e f o r e  sodium-sul fur  
b a t t e r i e s  can be c o n f i d e n t l y  u t i l i z e d  i n  space. 
The 
Ford Aerospace Corpo ra t i on ,  under c o n t r a c t  t o  NASA Lewis Research Center ,  i s  
c u r r e n t l y  work ing  on t h e  sod ium-su l fu r  b a t t e r y  space f l i g h t  exper iment  
d e f i n i t i o n  s tudy .  The o b j e c t i v e  i s  t o  des ign  t h e  exper iment  t h a t  w i l l  
demonstrate o p e r a t i o n  o f  t h e  sod ium-su l fu r  b a t t e r y l c e l l  i n  t he  space 
env i ronment  w i t h  p a r t i c u l a r  emphasis on e v a l u a t i o n  o f  m i c r o g r a v i t y  e f f e c t s .  
Exper imenta l  pay load d e f i n i t i o n s  have been completed and p r e l i m i n a r y  des igns  
of the  exper iment  have been d e f i n e d .  
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ADVANCED HIGH-TEMPERATURE BATTERIES 
Paul A. Nelson 
Argonne National Laboratory 
Argonne, Illinois 
Work has been under way for about two decades on high-temperature batteries 
having lithium or sodium negative electrodes. 
some success but the original promise of very high specific energy and power 
has not yet been achieved for practical battery systems. 
some recent new approaches to achieving high performance for lithiumIFeS2 
cells and sodium/metal chloride cells. 
These efforts have met with 
This paper discusses 
The main problems for the development of successful LiAl/FeS2 cells have been 
( 1 )  the instability of the FeS2 electrode, which has resulted in rapidly 
declining capacity, ( 2 )  the lack of an internal mechanism for accommodating 
overcharge o f  a cell, thus requiring the use o f  external charge control on 
each individual cell, and ( 3 )  the lack of a suitable current collector for the 
positive electrode other than expensive molybdenum sheet material. 
progress has been made at ANL in solving the first two problems. Reduction of 
the operating temperatures to 4OOOC by a change in electrolyte composition has 
increased the expected life to 1000 cycles. Also, a lithium shuttle mechanism 
has been demonstrated for selected electrode compositions that permits 
sufficient overcharge tolerance to adjust for the normally expected 
cell-to-cell deviation in coulombic efficiency. Recent new work on bipolar 
cells indicates that the third problem might be solved for a bipolar battery 
by the use of a coating on the positive side of the cell dividers, which could 
result in a low-cost means of transmitting current from the positive 
electrode. Also, bipolar cells are very efficient in the use of structural 
material and other non-active materials in the cell. Calculations show that a 
specific energy of 200 Wh/kg and 300 W/kg could be achieved with this design 
for moderately thick electrodes. Tests of very thin electrodes of this type 
have demonstrated very high power for periods of less than a second; batteries 
having such electrodes may be appropriate for pulse-power applications. 
Much 
Sodium/sulfur batteries and sodium/metal chloride batteries have demonstrated 
good reliability and long cycle life. For applications where very high power 
is desired, new electrolyte configurations would be required. Design work has 
been carried out at ANL for the sodium/metal chloride battery that 
demonstrates the feasibility of achieving high specific energy (190 Wh/kg) and 
high power 0400 W/kg at two-thirds open circuit voltage) for large 0200 Ah) 
battery cells having thin-walled high-surface area electrolytes. These 
electrolytes can be configured as small tubes ( 5  to 8 mm dia) joined together 
by a ceramic or metallic header or as a flat-plate compartmented electrolyte 
structure. Such structures were studied at ANL for the sodium/metal chloride 
system because of the limited power capabilities of that system at its 
operating temperature of 25OOC or lower. The conclusion reached in that 
study, that high power can be achieved for large cells of this design, would 
seem to be valid for sodium/sulfur cells as well. 
Future efforts to improve the performance and reliability of both lithium and 
sodium anode high-temperature batteries are expected to result in battery 
systems that meet the goals that were originally set when the development 
a 37 
e f f o r t s  were f i rs t  i n i t i a t e d :  
power o f  300 t o  400 W/kg. 
s p e c i f i c  energy  o f  abou t  220 Wh/kg and s p e c i f i c  
38 
ADVANCES I N  AMB ENT TEMPERATURE SECONDARY LITHIUM CELLS 3 m / y 3  
S. Subbarao, D. H .  Shen, F. Delig 
C-K. Huang, and G. Halpert 
Jet Propulsion Laboratory 
California Institute of Techno 
Pasadena, California 
annis, 
OgY 
JPL is involved in a R & D program sponsored by NASA/OAST on the development 
of ambient temperature secondary lithium cells for future space applications. 
Some of the projected applications are planetary spacecraft, planetary rovers, 
and astronaut equipment. The main objective of the program is to develop 
secondary lithium cells with greater than 100 Wh/kg specific energy while 
delivering 1000 cycles at 50% DOD. To realize these ambitious goals, the work 
was initially focused on several important basic issues related to the cell 
chemistry, selection of cathode materials and electrolytes, and component 
development. We have examined the performance potential of  Li-TiS2, Li-MoS3, 
Li-V6013 and Li-NbSe3 electrochemical systems. Among these four, the Li-Tis2 
system was found to be the most promising system in terms of realizable 
specific energy and cycle life. Some of the major advancements made so far in 
the development of Li-Tis2 cells are in the areas of cathode processing 
technology, mixed solvent electrolytes, and cell assembly. Methods were 
developed for the fabrication of large size high performance Tis2 cathodes. 
Among the various electrolytes examined, 1.5M LiAsF6/EC + 2-MeTHF mixed 
solvent electrolyte was found to be more stable towards lithium. 
cells activated with this electrolyte exhibited more than 300 cycles at 
100% DOD. Work is in progress in other areas such as selection o f  lithium 
alloys as candidate anode materials, optimization of cell design, and 
development of 5 Ah cells. 
the development of secondary lithium cells. 
Experimental 
This paper summarizes the advances made at JPL on 
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